The feasibility of using an anode wire and surrounding electrodes in drift chambers as a transmission line for second coordinate readout has been studied. The method is based on propagation of the electromagnetic wave along the anode wire. The position of the avalanche along the anode wire is determined by measureWent, in an optimized electronic readout system, of the time difference between the arrivals of the signal to the ends of the wire. The resolution obtained on long wires (' 2 meters) is about 2 cm EWIM for minimum ionizing particles at a gas gain of O 105.
Introduction
Position measurement by determination of the electron drift time in a drift chamber appears to be the most practical way for charged particle momentum measurement in colliding beam experiments. The requirement on the position resolution in the direction of the magnetic deflection (usually azimuthal) is difficult to achieve by any other methods.
The problem arises in determining the second coordinate along the anode wire. The second coordinate is used to define the angle of the particle track and to establish the consistency of its recognition. Usually a lower position accuracy is sufficient for this direction.
Considerable effort has been put into the second coordinate readout. The known methods can be divided into two groups. The methods within the first group utilizes the signal induced on the cathode for the second coordinate measurement. The cathode strips1 and delay lines parallel to the anode wire2 are the methods most frequently used.
The cathode strips method presents well known ambiguity problems and therefore reconstruction difficulties for multiparticle events. The delay line parallel to the anode can limit the rate capability and its presence can interfere with the drift field requirements. Moreover, all methods within the first group require additional material within the drift chamber volume. This complicates considerably the mechanical construction of the chamber and introduces multiple scattering which may finally limit the precision of the momentum measurement.
The methods within the second group utilize the anode signal for the second coordinate readout and so do not require any additional material in the particle path. The position determination by charge division3 and rise time4 are "conventional" methods of the second group. Both methods require the resistive anode and give the constant relative error At/t for a given signal charge. The The method for terminating transmission lines with "electronically cooled" preamplifiers was developed and its theory is described elsewhere.5 In principle, the resistive termination is realized by a capacitance in a feedback of an integrating (charge) amplifier. (The circuitry of the "electronically cooled" preamplifier will be presented later.)
The existence of the optimum timing filter for gas proportional detectors represents a puzzling problem. A terminated transmission line is a resistive load to the preamplifier input so the noise is white. The optimum filter for timing is the derivative of the optimum filter for a amplitude measurement. The optimum filter for a amplitude measurement in the presence of white noise is a mirror image in time of the signal waveform at the preamplifier input. The convolution results in a bipolar response with maximum slope at the zero crossing, which leads to the well known antiwalk properties.
The variety of the signal waveform is the main reason that we could not apply optimum filtering to the direct timing method.
Two examples of the signal current waveform are shown in Fig. 2 . The waveform for each ionizing particle is a superposition of the waveforms from the individual ionization clusters as they arrive at the anode. We could not find any suitable "average" waveform for which optimized signal processing improved timing for all waveforms compared with the timing of a simple leading edge discriminator. (The waveform at the input of the leading edge discriminator was, of course, filtered to limit the bandwidth of the system.)
The optimum filter for timing uses a priori knowledge of the signal waveform. The leading edge discriminator system, on the other hand, uses only the very first part of the signal waveform. We believe that the better performance of the leading edge discriminator technique is a quantitative confirmation of the large variety of the signal waveforms from gas proportional detectors. The only common feature for all signals is the fast rise time due to the first cluster. Because we are interested only in the time difference, the "compensation effect" for the leading edge method is an adequate substitution for the antiwalk property of the optimum filtering. (The leading edge timing is also the timing used for the standard drift time measurement, so this convenience simplifies the design of the signal processing for a drift chamber system.)
The line termination in the frequencies of interest requires special attention. Any preamplifier, being a charge-sensitive device, has a capacitance at its input. A real amplifier has also the stray capacitance of the layout, etc. In our case, the total capacitance of the termination was about 8 pF. The capacitance of the termination corresponds to the capacitance of 1 m of the line, or at f = 160 MHz an impedance Z = 1200 which is substantially smaller than the transmission line impedance ZO = 360Q.
The termination of the line is very important for the position measurement close to the line end. If the injected signal is so close to the A-end of the wire (for example) that the reflection from the A-end arrives to the B-end before the direct signal has reached the threshold value, the signal waveform at the B-end is distorted and the "compensation effect" is lost.
This results in serious degradation of the position resolution close to the ends of the wire.
The line termination was improved (at the expense of the bandwidth) by inserting an inductance L = Z2C between the end of the wire and the preamplifier (ZO is the line impedance, C is the total capacitance of the termination). The insertion can be viewed as a new element of the delay line, which continues the delay line with the same impedance. Figure 3(a) shows the schematic of the transmission line with a termination network at each end. The resistive termination was realized by a capacitor in feedback. The only noise source added is the preamplifier noise which is lumped into the voltage noise source en. Because of the feedback, the equivalent series noise voltage appears at the termination in series with the "cooled" termination resistance. Figure 3(b) shows an equivalent system for the noise analysis. The real amplifier with feedback was replaced by an indeal noiseless amplifier with zero input impedance, noiseless termination ZO, and noise source en in series. There is also an additional noise as a consequence of the wire resistivity. For simplicity, the noise connected with the dissipation in the wire was lumped into two noise sources eLW and eRW at the left and the right end of the wire. L The filtering, due to the circuitry following the preamplifier (not shown in Fig. 3 For a practical case t = T = 3ns, Qs (to t) QT X k 700 QT/10
In principle, each ionization cluster along the particle track contains position information as to where the particle track is along the wire. If the signal from all the clusters for each particle could be used in the measurement of the second coordinate a better position resolution could be achieved at a lower gas gain.
We have studied the feasibility of the readout system which uses more than the first cluster for the measurement of the second coordinate. After observing about 100 waveforms on the storage oscilloscope, we have concluded that an improvement of about a factor 1.5 as compared with the first cluster method can be achieved. The main reason for such a small improvement is the diffusion of the primary ionization from position inside the chamber further away from the wire. The diffusion degrades the rise time of the signal which makes them less valuable for the direct timing method.
Preamplifier
The diagram of the preamplifier with a cooled termination is shown in Fig. 4 . It is a faster version of the preamplifier previously described.5 Special attention was paid (1) to keeping the input capacitance as low as practical and (2) using all transistors with such bias current that fT of each transistor is at least 2 GHz. Because the resistive termination by capacitance feedback integrates the input current, there is a differentiation with a time constant TF between two stages of the amplifier. The response of the preamplifier to the calibration pulse injected between the inductance and the first transistor of the amplifier is shown in Fig. 5(a) 
The measured value of ENC was about 1100 electrons which agrees well with an expected value of equivalent series noise resistance of 60Q. (nz 10% excess of the noise.) Figure 5 shows the Sulse response of the common base input preamplifier.
With this configuration, the input capacitance problems are greatly reduced, so no inductance is needed and the pulse response is faster. Unfortunately, to terminate the line we need a physical resistor and the noise of the resistor more than cancels the merit of a faster response. The measured position resolution of the common base termination is about 60% worse than the resolution achieved with the cooled termination for the same signal charge.
Results
The properties of the readout were studied with an experimental cylindrical detector as a model of a single cell of a drift chamber with the following parameters: length , = 217 cm, anode diameter 25 and 50 p (anode wire resistance 220 and 570), cathode diameter 17 mm, gas 82% Ar, 10% CH4, and 8% methylal.
The schematic diagram of the setup used for the measurement is shown in Fig. 6 . The preamplifier at each end of the wire was followed by an ORTEC AN 302/NLamplifier and Chronetics model 151 discriminator. The time differences were measured by an ORTEC 467 TAC followed by a multichannel analyzer. An electron from 90Sr penetrates the chamber and triggers the scintillation counter. The chamber signal propagates along the anode wire. The signal from one end starts and the signal from the other end, after a suitable delay, stops the timeto-amplitude converter. The number of triggers in the scintillation counter as well as the number of coincidences from both ends of the chamber, plus the scintillation counter, were scaled to measure the efficiency of the method. During the test, the gas gain and the discriminator threshold were kept at such a level that the efficiency was at least 98%.
As expected, the readout is linear, that is, the position is a linear function of the time difference. The pulse height analyzer displays of the measured position resolution with the linear and logarithmic vertical scales are shown in Fig. 7 . The measurement was taken with a 50 4 wire and the gas gain 9 x 104 (charge integrated for 2 ,us). The peaks are not Gaussian and are broader towards the wire ends. Figure 8 shcws the resolution as a function of the position along the wire for the different values of the inductance in the series with the line termination. Figure 8(a) shows the full width at half maximum. Figure 8(b) shows the full width at one tenth of the maximum. The results are almost independent of the inductance at the middle of the chamber, but close to the chamber end the best resolution was measured with 1 pH inductance. (L = Z2C = (350Q)2 8pF 1 H.) Theory
The loss of the resolution near the wide end is due to an imperfect line ternination as previously mentioned. A reflected signal arrives to the far end of the wire with an inversion of the polarity. The effect of its combination with the direct signal is to delay the trigger from the discriminator. The increased delay puts the measured position further away from the center. If particles pass close to the chamber end, the resolution has a tail which is outside the chamber. We can use information about the physical length of the chamber to improve the position resolution near the end. The dotted lines in Fig. 8(b) show the maximum possible error (expressed as full width at tenth maximum) if the ionization is assumed to be inside the chamber.
Let us compare the measured results with the limits of the resolution due to the noise. Substituting into relation (1) ZO = 350Q, C = 8 pF, RW 570 and R = 60Q, we obtain ENC of 2000 electrons (measured value 1400 electrons). Assuming the mean "first cluster size"8 of 12 electrons, at the gas gain 9 x 10 , the Qs according to relation (5) is 11 x 104 electrons which gives AtRMS= 1.2 cm which is in good agreement with the measured value. The measured distribution is not a Gaussian, so the simple relation between FWHM and RMS values does not exist.
The resolution obtained with 254 W gold plated wire was about the same as the quoted resolution obtained with 50Q wire of the same material. The smaller diameter wire adds more noise to the system due to its higher resistance. On the other hand, the time development of the signal charge is faster on the smaller wire due to the smaller value of the to constant as follows from relation (4) . For the same gas gain, a chamber with 25p wire delivers larger signal charge Qs for the measurement than a chamber with a 5Q.i wire. The signal increase compensates for the higher noise in the system. The attenuation of the signal along the wire was not a problem. In a first approximation, the attenuation lowers the amplitude of the signal arriving to the wire end linearly with the distance traveled. This attenuation causes a delay in the discriminator triggering which is also proportional to the distance traveled by the signal. The overall effect, in a first approximation, is just a slight decrease of the apparent velocity of the signal propagation along the wire.
It is interesting to compare the direct timing and charge division methods. The charge division method gives the relative error, which depends on the total avalanche size, (7) t k t, )FWHU4 QT (PC )
The constant k depends on the details of the filtering, but for9a practical system has almost a universal value of .5%.
The precision of the direct timing method in the case of a small line dispersion is independent of the wire length and depends only on the charge of the "first cluster". (Relation [3] )
Combining relations (7) and (3), we can find a length of the wire for which both methods give the same position resolution.
EQ 250 Wg (8) where W is the gap width (cathode-cathode distance) of the Shamber or the length of the ionization track within the chamber for more complicated chamber geometries.
If a system under consideration has the wire longer than tEQ, direct timing can be preferable to the charge division (for Wg = 1 cm, tEQ = 2.5 m).
Conclusions
The feasibility of the second coordinate measurement in drift chambers by timing of the electromagnetic wave propagating along the anode wire was demonstrated. For the gas gain typically used in the proportional chambers the position resolution is largely limited by the electronic noise. Certain deterioration of the position resolution closer to the end of the chamber is connected with the imperfect line termination due to the input capacitance of the preamplifier. This input capacitance also degrades the noise performance, therefore limiting the position resolution.
In the limit of a small line dispersion, the position resolution of the direct timing method is independent of the wire length. As is known, the charge division method gives a constant relative error AfJ. A formula for a critical wire length above which the direct timing can give the better resolution than the charge division method was found.
The rate capabilities of both methods are limited by the physics of the ionization and the drift of the electrons in the gases of the drift chamber. The setup used for studying the direct timing method. With the exception of the preamplifier, only commercial units were used. Two scalers were used to check the efficiency of the method. 
